Using the compiled human genome sequence, we systematically catalogued all tandem repeats with periods between 20 and 2000 bp and defined two subsets whose consensus sequences were found at either single (slTRs) or multiple loci (mlTRs). Parameters compiled for these subsets provide insights into mechanisms underlying the creation and evolution of tandem repeats. Both subsets of tandem repeats are non-randomly distributed in the genome, being found at higher frequency at many but not all chromosome ends and internal clusters of mlTRs were also observed. Despite the integral role of recombination in the biology of tandem repeats, recombination hotspots co-localized only with shorter microsatellites and not the longer repeats examined here. An increased frequency of slTRs was observed near imprinted genes, consistent with a functional role, while both slTRs and mlTRs were found more frequently near genes implicated in triplet expansion diseases, suggesting a general instability of these regions. Using our collated parameters, we identified 2230 slTRs as candidates for highly informative molecular markers. 
INTRODUCTION
Tandemly-repeated sequences are common in higher eukaryotes, accounting for several percent of the human genome (Levy et al. 2007) . While much of their functional nature remains enigmatic, tandem repeats have been implicated both in the regulation of gene expression (Nakamura et al. 1998 ) and human disease (Gatchel and Zoghbi 2005) . The latter is epitomized by the triplet-expansion diseases, which result from size inflation of both coding and non-coding microsatellite tracts due to replication slippage or unequal crossing-over. An interesting behavior has been reported for a tandem repeat near the insulin gene where non-transmitted alleles have been proposed to influence the function of the transmitted alleles in predisposition to Type I diabetes (Bennett et al. 1997 ). This observation is reminiscent of paramutation, a genetic phenomenon where alleles can heritably modify the expression of each other without demonstrable alteration of their underlying DNA sequence (Stam and Scheid 2005) . The b1 locus in maize represents the best understood example of paramutation wherein seven tandem repeats of an 853 bp noncoding sequence located ~100 kb upstream of the transcription start site mediate this phenomenon (Stam et al. 2002) .
Most previous characterizations of human tandem repeats predated the availability of the complete genome sequence (Nakamura et al. 1987; Cox and Mirkin 1997) or focused on only a subset of chromosomes (Denoeud et al. 2003; Boby et al. 2005) , hence our understanding of the nature and function of tandemly repeated sequences is based upon limited examples. The completion of the human genome sequence allows one to globally survey the tandem repeats in the genome and reexamine many ideas regarding their creation, distribution, maintenance, and function. Because microsatellites have already been extensively described (Li et al. 2002; Buschiazzo and Gemmell 2006) , we undertook a comprehensive data-mining effort to characterize all of the tandem repeats in the human genome with periods ranging from 20 to 2000 bp. The lower bound was selected to support identification of their consensus sequences as unique or redundant entities in the genome and the higher bound was mandated by constraints intrinsic to Tandem Repeats Finder (TRF, Benson 1999) . Beginning with the output from this program, we defined two subsets of tandem repeats in the human genome based upon whether the sequence was located at a single site or repeated elsewhere in the genome, compiled descriptive characters for each subset, and examined the results in the context of current knowledge of tandem repeats.
RESULTS

Classification of human tandem repeats
The Tandem Repeats Database (TRDB, http://tandem.bu.edu/cgi-bin/trdb/trdb.exe) provides a compilation of all tandem repeats in genome sequences (Gelfand et al. 2007 ) with periods between 1 and 2000 bp in length and the output data from its analysis of the human genome sequence formed the starting point for this study. Our approach was to first identify two complementary subsets of tandem repeats: the single-locus Tandem Repeats (slTRs), whose consensus sequence (the sequence that is repeated to produce the tandem repeat) is found at only a single position in the human genome, and the multi-locus Tandem Repeats (mlTRs), whose consensus sequence is found at more than one site. Our motivation derived from an interest to better understand the sequence origin of tandem repeats as well as the expectation that slTRs would more easily serve to interrogate both genomic DNA and expressed RNA in a variety of molecular and genetic applications. We began with the 947 696 tandem repeats from TRDB, identified from the March 2006 assembly of the human genome. TRDB often describes a given tandem repeat at a single location with multiple entries, differing in "period" (the length of the consensus sequence which is repeated) and "copies" (the number of times the consensus sequence is found within this tandem repeat). We sought to eliminate this redundancy by first selecting the entries with the longest array length for each genome location and subsequently for the single subentry amongst them with the shortest period. This allowed us to recognize the entry with the smallest consensus sequence for each location; and by discarding its overlapping alternatives, we identified 788 596 independent tandem repeats. We then removed those tandem repeats with periods of less than 20 bp and the remaining set, n = 241 253 entries, is denoted as "ALL TRs." Progress in our approach to delineate this non-redundant set of tandem repeats into two subsets differing by the representation of their consensus sequences in the human genome is tracked in Figure 1A . To identify "unique" tandem repeats within this population, we first performed a cluster analysis that produced two distinct tandem repeat subsets: (1) those whose consensus sequence is found only once in TRDB, and (2) those whose consensus sequence is related by sequence (80% or greater identity) to other entries in TRDB. The resulting "unique" set was subsequently aligned against the entire human genome sequence using BLAST to determine whether any of these tandem repeat consensus sequences were found elsewhere in the genome (presumably as a single copy sequence rather than as tandem repeats). This final step produced the two exclusive subsets of tandem repeats, the slTRs (n = 50 646) whose consensus sequence is represented only once in the human genome sequence and the remaining mlTRs (n = 190 607), which represent tandem repeats that share sequence similarity with other genome regions. 7 We also used RepeatMasker as another means to identify members of the ALL TRs population that were not unique in the genome by virtue of their derivation from previously described repetitive elements. This analysis again produced two subsets, one that is "masked" and consists of sequences derived from known repetitive elements (here termed "repTRs"), and a second set that is unmasked and includes the tandem repeats that are not related to any known repetitive element (here termed "notRepTRs"). We expected the former to overlap substantially with the mlTR class and the latter with the slTR class. While the repTRs were constituted mostly of mlTRs (Fig. 1B) , the remaining 43.4% (n = 82 788) of mlTRs were unrelated to a known repetitive element. Examination of the slTR and notRepTR populations indicates that 92% of the slTRs (n = 46 618) overlapped with the notRepTR population. The remaining 4028 slTRs found in the masked set were most often ascribed to "Simple" and "Low Complexity" classifications by RepeatMasker, but detected only once in the human genome sequence by BLAST analysis.
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The application of RepeatMasker proved less effective in identifying single-locus tandem repeats but it enabled a determination of the repetitive element composition of the ALL TRs subset and provided some instructive insights into their origins (Table 1 ). The representation of sequences similar to SINE (short interspersed repetitive elements) and LTR (long terminal repeat) repetitive elements within ALL TRs parallels their general representation within the human genome sequence, together accounting for ~48% of all repetitive elements. In contrast LINEs (long interspersed repetitive elements) are under-represented compared to their general proportion of the genome. Given that the length of full-size LINEs ranges from ~6000-7000 bp in length (Babushok and Kazazian 2007) and the limitation of periods to no more than 2000 bp by the algorithm used in Tandem Repeats Finder, duplication of intact LINEs in the genome sequence are unlikely to be recognized by TRF and would account for this apparent discrepancy.
The classes of simple, low complexity, and satellite repeats all appear to be "over-represented" in our tandem repeat data relative to their occurrence in the genome sequence, but the innate tandemly-repeated nature of these classes insures that virtually all of these genome sequences are also included in this tandem repeats category. Given the correspondences noted here as well as the relative concurrence of the repTR and notRepTR subsets with the general frequency of repetitive and single copy sequences in the human genome, our conclusion is that the process that creates tandem repeats operates on a largely non-selective basis with regards to target genomic sequences.
Characterization of human slTRs and mlTRs
TRDB compiles several parameters to characterize tandem repeats, such as their "period", "copies", and "match percentage" (the percent of sequence identity shared across those copies). We compared the slTR and mlTR subsets for each of these characters to identify general similarities and distinctions among these two groups. As shown in Figure 2A both populations are dominated by tandem repeats with short periods (mean for slTRs is 48 bp and for mlTRs is 67 bp). There are three regions where mlTRs break step from an otherwise smooth curve: A (130 to 145 bp), B (168 to 175 bp) and C (300 to 400 bp), and these regions predominantly feature tandem repeats derived from Alu repetitive elements (A = 88.5%, B = 86.2%, C = 55.7%), which are the most abundant repetitive element in primate genomes and often exhibit a size length of ~300 bp (Batzeer and Deininger 2002) . A small discontinuity in the slTR distribution at ~40 bp is an anomaly created by different criteria used for BLAST analyses on either side of this value (see Materials and Methods) and does not reflect any actual biological significance. Both subsets also primarily contain repeats with three or fewer copies (87.43% of slTRs and 84.19% of mlTRs) as shown in Fig. 2B . Evaluation of this parameter could be compromised when the period of tandem repeats approaches and exceeds sequencing read-length and match percentage nears 100% such that larger arrays of tandem repeats could artificially collapse to two to three copies during the genome assembly process. However as large periods represent such a small proportion of our dataset; genome assembly errors are unlikely to significantly confound this analysis. Our conclusion from these results is that both subsets of tandem repeats in the human genome primarily contain simple duplications strongly biased to shorter tracts, as further exemplified by the >500 000 repeats with periods less than 20 bp that were removed in creating the ALL TRs class.
One of the most distinctive parameters between the two subsets was their distributions for match percentage (Figure 3) , with the majority of slTRs exhibiting a higher degree of internal similarity (~95%) across their repeated sequences relative to mlTRs (~90%). This difference might be due to either a difference in age of these repeats or different decay rates. It has been shown that tandem repeats derived from Alu elements can diverge in their consensus sequence due to exchange events with related partners elsewhere in the genome (Jurka and Gentles 2005) .
Our mlTR subset by definition possesses related but not necessarily identical partners throughout the genome that they can recombine with, while slTRs are by definition unique in the genome.
Consequently these two subsets might be expected to possess inherently different decay rates that could account for some of this difference in divergence.
Higher match percentage is one component used by many models to predict genetic polymorphism for tandem repeats (Denoeud et al. 2003; Näslund et al. 2005; Legendre et al. 2007 ) and this attribute of slTRs along with their unique representation in the genome suggests that this subset is likely to contain many useful molecular markers. We evaluated sixty-two 1 0 slTRs for array length polymorphism in a panel of lymphoblastoid cell DNAs obtained from 14 individuals selected for ethnic diversity. It is evident in Fig. 4 that genetically variable tandem repeats can be predicted effectively from the compiled human genome sequence using just two characters found in TRDB, values of five or more copies and a match percentage of 95% or greater, consistent with other models (Stephan and Cho 1994; Näslund et al. 2005; Legendre et al. 2007) . Given these stringent criteria and our analyses of slTRs in the completed human genome sequence, we predict 2230 slTRs that could serve as highly informative genetic markers (Supplementary File 1). Relaxation of the match percentage to 90% would produce even more candidates but include additional monomorphic loci as well. While the increased emphasis upon SNPs in current genetic analyses is understandable given their tractability for very high throughput, the multiallelic nature of tandem repeats and their high information content offer strong advantages for certain applications.
Chromosomal distribution of tandem repeats
Previous analyses of the chromosomal positions of tandem repeats have suggested that they are not randomly distributed, with tandem repeats preferentially located near chromosome ends , Amarger et al. 1998 . Using the entire genome sequence and summarizing across all of the chromosome arms, we do find clusters of tandem repeats located at the chromosome ends (Fig. 5A ), a tendency even more pronounced for slTRs. There is also an increased frequency of mlTRs near the centromere, an observation attributable to the highlyrepetitive satellite repeats that are preferentially located in pericentric regions. However, closer inspection of frequency distribution plots of both slTRs and mlTRs across individual chromosomes reveals exceptions to this generalized consensus. Of the metacentric autosomes, chr. 3 ( Interestingly, clusters of both mlTRs and slTRs are either both present at a chromosome end or both are absent, suggesting that the same general forces operate on the creation and maintenance of both subsets but that those forces are not consistent across all chromosome ends. While the preferential location of hypervariable minisatellites at the ends of human chromosomes was noted early on , it is by no means a generalized observation across all species.
The mouse, rat, and pig genomes do not exhibit this distribution pattern near chromosome ends and likewise lack the hypermutable minisatellites that are evident in humans despite extensive searches (Bois 2003) .
A second observation, evident in the inspection of individual chromosome distributions but not in the generalized pattern shown in Figure 5A , is that mlTRs can also be found in concentrations internal to some chromosome arms. Chromosome 7 ( Figure 5C ) illustrates an obvious concentration of mlTRs on its long arm; inspection of the sequences comprising this region did not reveal any particular repetitive sequence as dominant. Similar clusters can be seen on the short arms of chromosomes 3 and 6 as well as the long arm of 11 ( Supplementary   Fig. 1 ). Interestingly, conspicuous internal concentrations of slTRs were not seen on any of the chromosomes.
It was suspected that the distribution and abundance of tandem repeats on sex chromosomes differed from autosomes, with few resident minisatellites reported previously except for one cluster in the pseudoautosomal region involved in X-Y pairing (Cooke et al. Ames et al. -Human tandemly- 
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. The distribution of tandem repeats on the sex chromosomes ( Figure 5D , Supplementary   Figure 1 ) is distinct from the autosomes, with a general lack of slTRs and no end bias in evidence. mlTRs are also much rarer on these chromosomes but do account for the concentration of tandem repeats at the X-Y pseudoautosomal region.
Tandem repeat distribution relative to genes.
As tandem repeats are found at higher density near the ends of many chromosomes, regions that also generally possess greater gene density, we examined the relative locations of tandem repeats and genes with respect to each other. Looking at the content of tandem repeats within genes (using the Ensembl gene model), 41.7% of genes include one or more mlTRs within their transcribed regions, 25.0% were shown to include at least one slTR, and 21.4% of genes include both a slTR and an mlTR. Looking from a different perspective, 44.5% of slTRs and 36.5% of mlTRs were identified as intragenic and the remainders are found outside of transcribed gene boundaries. These values are similar to the fraction of the genome accounted for by genes of 31.1% (total genome = 3 652 768 762 and bounded by gene transcription = 1 136 952 915), suggesting that the mechanisms that create and maintain tandem repeats are randomly sampling sequences, not only by type (unique vs. repetitive) but also with regards to their location near genes.
Given their purported roles in modulating gene function, such as VNTRs associated with INS, SLC6A3, SLC6A4, and IGF2 (Bennett et al. 1997; Paquette et al. 1998; Bradley et al. 2005; Kelada et al. 2005) and with so many tandem repeats in close proximity to genes, there are likely to be many more genes whose expression is influenced by tandem repeats. Hence we next examined the proximity of our two tandem repeat subsets with respect to different gene 1 3 groupings: all (n = 31 105), imprinted (n = 45), tandem repeat disease genes (those shown to cause disease by triplet-expansions; n = 24) and tumor suppressor (n = 182) with each set listed in Supplementary Table 1 . As shown in Figs. 6A and 6B there are fewer tandem repeats of both subsets within genes than in the regions immediately flanking their transcribed segments. Given that these repeats with their longer periods would be very disruptive if located within coding segments, their occurrence within genes must necessarily be constrained to intronic and untranslated regions. Looking at mlTRs (Fig. 6A) , we find relatively little difference in their distribution nearby tumor suppressor and imprinted genes with both groups indistinguishable from the inclusive all gene group. In contrast, mlTRs are located more densely external to the tandem repeat disease genes. Even though these diseases are caused by aberrant expansion of a single triplet microsatellite within each gene-tandem repeats that as a group are excluded from our datasets due to their small period-this observation of increased frequency of nearby larger tandem repeats suggests that the environment around these genes is more conducive to general instability. Searching for other genes with higher densities of surrounding mlTRs may identify other unstable regions not yet associated with any specific disease syndrome.
The proximity of slTRs to genes (Fig. 6B ) resembles the general distribution for mlTRs around genes and again the class of tandem repeat disease genes appears to be surrounded by more of this subset of tandem repeats as compared to both the all and tumor suppressor gene groups. We also observe a greater frequency of slTRs around imprinted genes, most strikingly in the nearest 50 kb intervals flanking these genes. To date, at least 23 tandem repeats have been shown to be positioned within or near differentially methylated regions (DMRs) of imprinted genes (Walter et al. 2006) , and these have been postulated to serve as a hallmark for these genes (Neumann et al. 1995) . This class of parent-of-origin, monoallelically-expressed genes also contains a greater representation of tandem repeats within their CpG islands and a higher proportion of repetitive elements, such as LINEs and SINEs, although another study concluded that SINEs are excluded from imprinted regions of the genome (Greally 2002) . Our analyses suggest that the general environment around imprinted genes, looking as far out as 150-200kb , is associated with a higher density of slTRs but not tandem repeats derived from repetitive sequences. This distinction might reflect a functional aspect of these tandem repeats, perhaps facilitating communication between unlinked loci as has been shown for CTCF (CCCTC-binding factor) interactions with imprinting control regions on different chromosomes (Ling et al. 2006) . Tandem repeats derived from repetitive sequences might compromise the specificity required for this function and could conceivably be selected against.
Comparison of tandem repeats and recombination hotspots.
The rate of recombination is generally repressed near centromeres and increased near the telomeres, results that were substantially confirmed once the draft human genome sequence was compiled and analyzed (International Human Genome Sequencing Consortium 2001). Since homologous recombination is central to the creation and degradation of tandem repeats (Bois and Jeffreys 1999) , it has been suggested that the concentrations of tandem repeats at chromosome ends might reflect these locally higher rates of recombination. Co-localization of a human hypermutable minisatellite with a nearby recombination "hotspot" has been reported (Jeffreys et al. 1998, Jeffrey and Neumann 2005) , but it's unclear how prevalent this relationship is. Therefore, we tested for associations between the locations of our subsets of tandem repeats and recombination hotspots in the human genome by two strategies.
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We first compared actual distances between nearest members of both tandem repeats and recombination hotspots (UCSC Genome Browser hg17 database). The analysis presented in Fig. 7A normalizes every interval between adjacent hotspots to "1" and then depicts the locations of any tandem repeats within that interval as a fractional value along this distance. While there are minor fluctuations along the distributions for slTRs and mlTRs, the entire distribution of each subset is relatively invariant between hotspots, suggesting that hotspots do not exert a strong impact upon creation of tandem repeats with periods between 20 and 2000 bp and conversely that these tandem repeats do not significantly influence recombination. In contrast a similar analysis of shorter repeats (Fig. 7B) , with periods ranging from 1-10 bp, reveals a non-random bias of residency closer to hotspots, suggesting either that the creation of microsatellites is influenced by recombination hotspots or conversely that microsatellites themselves contribute to the existence of recombination hotspots. Given that microsatellites possess higher copies of their repeat consensus sequence than the average larger tandem repeat (with copy values closer to "2-3X"), we speculated that a non-random association might be more evident near tandem repeats with both higher copy values and match percentage (i.e. VNTRs or hypervariable repeats); however, re-examination of this subgroup of larger tandem repeats still failed to detect any nonrandom association with recombinational hotspots (data not shown).
In contrast to evaluating the length intervals between tandem repeats and recombination hotspots, perhaps a more relevant parameter to demonstrating a functional interaction might be revealed in the density of recombination hotspots around these larger tandem repeats. Three discrete groups of 1,000 tandem repeats each were created by random selection from the three subsets of mlTRs, slTRs, and highly polymorphic slTRs. Density of recombination hotspots was measured in a 200 kb window flanking each of these tandem repeats and then 100 random 1 6 repetitions were performed by relocating these tandem repeats randomly around the genome. It was found that actual densities of recombination hotspots relative to mlTRs and slTRs, as well as high copy-high similarity tandem repeats, were all statistically indistinguishable from the randomized set (p = ≥ 0.23), corroborating our initial result that did not detect any colocalization of slTRs and mlTRs with recombination hotspots. These observations suggest that either the association between tandem repeats and greater frequency of recombination at chromosomal ends (Jeffreys et al. 1998; Jeffreys and Neumann 2005 ) is coincidental or that these two different approaches are incapable of detecting such a functional interaction.
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DISCUSSION
Tandem repeats come in many flavors, thus understanding their creation and evolution can be confounded by whether one examines microsatellites, minisatellites, VNTRs, or hypervariable repeats, whether germinal or somatic variation is investigated, and which organism serves as the basis for the analyses. Much of our current understanding is also based upon the examination of a limited number of repeats, often not selected at random but for the characteristic of polymorphism. Using the results of the whole genome survey described herein, we can re-examine current ideas for the creation and variation of tandem repeats and how they inform us as to the evolution of the genome. Of course any such survey is a "snapshot" in evolution of the current genome being interrogated and must reflect the cumulative effect of many different processes influencing creation, mutation, maintenance, degradation, and loss; yet a survey based upon a completed genome sequence can provide much more comprehensive data then earlier investigations. 1 7 One question for tandem repeat evolution is in ascertaining the relative influences of its consensus sequence vs. the surrounding genome environment. Earlier studies commented upon the higher GC-content of minisatellites (Nakamura et al. 1987, Vergnaud and Denoeud 2000) ; however, by most measures we are unable to detect any distinguishing characteristics of the consensus sequences themselves. The average GC content of the ALL TRs group, which includes all non-redundant tandem repeats with periods between 20 and 2000 bp, is ~40% and not substantially different from the average value for the entire genome of ~38%. Recognizing that these earlier studies focused upon hypervariable minisatellites, we examined the GC content of just the polymorphic candidate subset of slTRs as a more direct comparison and obtained a value of ~56%. Hence, while the GC content is not obviously contributory towards the generation of a tandem repeat, higher GC content may play a role in the more extensive amplification to five or more copies. We also find that the frequency of unique and most repetitive sequences found in tandem repeats mirrors their frequency in the genome, suggesting that the creation and maintenance of tandem repeats is relatively non-specific to this nature of the consensus sequence as well. Any other aspect of their consensus sequence that might contribute to the development of tandem repeats is not obvious in our data and suggests further exploration of their genome environment might be more insightful.
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Current models for the creation and evolution of minisatellites in the germline often describe two discrete steps, an initial duplication event followed by expansion and contraction that can lead to multiple alleles and even complete loss of the tandem repeat. Haber and Louis (1998) observed one influence of the surrounding genome environment in the presence of short 5-10 bp repeat sequences flanking several yeast and human tandem repeats and proposed that replication slippage or unequal crossing-over centered upon these flanking sequences is (Buard and Vergnaud 1994 , Jeffreys et al. 1994 , Paques and Haber 1999 , reviewed in Richard and Paques 2000 .
By our own analyses, repeat periods shorter than 100 bp are far more common in the human genome, which is even more striking if one includes tandem repeats with periods from 1 to 19 bp as well. Tandem repeats with low copies, just 2-3 repeats, also predominate in the human genome. While both parameters are subject to contrasting processes of creation and degradation, one parsimonious explanation for our results is that an initial duplication event is far more frequent than subsequent amplification events and that it also occurs more frequently with smaller periods. As the initial duplication could derive from replication slippage, we note that this process represents an intramolecular event that is thermodynamically simpler than a subsequent amplification step based upon recombinational exchanges between different sequences and hence could be more frequent in its occurrence. Replication slippage is also more compatible with shorter segments . Additional selective pressures may also be working to degrade larger and higher copy tandem repeats relative to shorter and low copy repeats.
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The most distinctive characteristic between slTRs and mlTRs, match percentage, could be explained by differences in age or functional conservation of the two subsets. An additional explanation we favor derives from the observation that divergence of minisatellites can occur via gene conversion with related but not identical sequences including Alu elements (Jurka and Gentles 2005) . Because the mlTR subset is defined by the existence of related, but often not identical, sequences elsewhere in the genome, intergenic conversion can not only lead to new alleles differing for copy values but also likely degrade the sequence between repeats. On the other hand slTRs are by definition unique in the genome, they have no partners with which to recombine other than their homolog on the other paired chromosome. This exchange between alleles at the same locus can produce new alleles of both fewer and more repeats but with higher fidelity. Hence an exchange mechanism common to both subsets could not only account for expansion of initial duplication events but also for differences in match percentage of the two subsets. Utilizing this intrinsically higher match percentage of slTRs, combined with high copy number of some members and their unique genomic locations, we could efficiently predict tandem repeats representing the best candidates for highly polymorphic molecular markers.
While our data are generally consistent with models for the creation and evolution of tandem repeats, the forces that trigger this process to create such strongly non-random distributions in the genome are less obvious. Initial generalizations regarding the predilections of tandem repeats for the ends of human chromosomes were generally confirmed in our data, but the absence of foci on some chromosome arms is notable. Similarly the internal concentrations of mlTRs for some chromosomal regions but the absence of any comparable slTR concentrations remains unexplained. The intimate role for recombination in the generation of these tandem repeats and its higher frequency near chromosome ends suggest that it could account for the non-
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2 0 random distribution of tandem repeats as noted by reports of co-localization (Jeffreys et al. 1998, Jeffreys and Neumann 2005) ; however, we were unable to confirm a general co-localization of tandem repeats and recombination hotspots in the human genome, which is consistent with other observations. Recombination is more frequent near chromosome ends in many organisms, yet mouse chromosomes do not exhibit a similarly higher frequency of tandem repeats near their ends (Bois and Jeffreys 1999) . If higher recombination frequency is critical to creation of concentrations of tandem repeats, then the concentrations of pericentric satellite repeats are problematic to reconcile with their locations in regions with greatly suppressed recombination.
Tandem repeats are strongly conserved between humans and chimpanzee but there is very little conservation of recombination hotspots between them (Winckler 2005) . Finally an analysis in yeast also failed to find any co-localization of tandem repeats near recombination hotspots (Richard and Dujon 2006) . Despite the preponderance of studies citing a primary role of recombination in the development of the larger tandem repeats examined in this study, we are unable to implicate hotspots as driving the general distribution of tandem repeats, perhaps reflecting subtler aspects of the recombination mechanisms that must contribute to their derivation.
Considering the potential impacts of tandem repeats upon gene function, it is interesting to note their non-random distribution around two classes of genes. That slTRs but not mlTRs are more abundant around imprinted genes might signal a functional contribution to this phenomenon in contrast to the greater frequency of both subsets around genes implicated in triplet expansion diseases, this latter case potentially reflecting a general instability of these genomic regions. Acknowledging reported instances of tandem repeats which influence nearby gene expression; we have looked for other instances of polymorphic tandem repeats found within
2 1 2 kb of the boundaries of gene transcription. We find over 300 examples in our compilation, many representing genes implicated in human disease, and in a few that we have evaluated, and the results are consistent with the influence of the tandem repeat upon that gene's expression (data not shown here). Use of this catalog and its characterization of the entire genome clearly provides for a more systematic discovery process that facilitates identification of genes whose function is affected by nearby tandem repeats and may add to our understanding of the molecular basis of both genome function and human disease.
MATERIALS AND METHODS
Identification of ALL TRs dataset
To warehouse the genomic data used in this project, a custom PostgreSQL database was developed, making use of the BLASTgres extension. All data were expressed relative to the NCBI 36.1 (March 2006) assembly of the human genome, and were, for the scope of this study, taken from three sources: Ensembl, the UCSC Genome Browser, and the Tandem Repeats Database (TRDB).
The project database was initially populated with all 947 696 tandem repeats identified by TRDB for the March 2006 human genome assembly. To eliminate any redundant entries from the data set, tandem repeats with the longest array length were first selected from amongst those with overlapping genome coordinates. Subsequently from this group, entries with the shortest period were identified and flagged as non-redundant; related entries with the same genome coordinates were discarded from further analyses. Within their coordinates, some tandem repeats contain internal tandem repeats with distinct period and copy values. We defined a tandem repeat as being a child of another if it was contained fully within the coordinate range of the parent
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repeat plus a flanking window of 5% of the parent's total length. Child tandem repeats were recursively identified and culled, leaving at each locus a single "root" tandem repeat, which was then also flagged as non-redundant. The flagged tandem repeats with periods between 20 and 2000 bp constitute the ALL TRs set.
Cluster Analysis
Cluster analysis was used to group tandem repeats with similar consensus sequences.
Because tandem repeat copies are adjacent, the designation of the first position is entirely arbitrary (Benson 2005) and consensus sequences of two such repeats cannot be directly compared with confidence using single repeat sequences. Instead, we aligned single copies of the consensus sequence (both strands) of the tandem repeat from ALL TRs against two tandemly duplicated copies of all other consensus sequences with BLAST and looked for significant sequence alignments spanning at least 80% of the length of either the query or target, whichever was the longer of the two. The alignment was performed separately for two subsets of ALL TRs:
those with periods between 20 and 39 bp, and those with periods 40 bp or greater. This allowed greater sensitivity for the shorter sequences while avoiding a flood of spurious alignments for the larger ones (E-values: 0.01 and 1e-6, respectively) . To avoid corner cases where significant alignments of tandem repeats with different consensus sequence lengths might otherwise have been missed, the databases against which the queries were aligned included all flagged tandem repeats with periods up to 20% shorter or longer than the bounds of their respective query sets.
Those tandem repeats for which no sufficiently long significant alignments were found were considered candidate slTRs and the remaining were labeled as mlTRs.
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As a consensus sequence may be repeated in tandem at only one locus but may appear elsewhere in the genome as a single copy and we wished to identify candidate slTRs that were truly unique in the genome, the consensus sequences of the candidate slTRs were aligned with BLAST against the human genome sequence. Those for which there was found a significant alignment (80% or greater sequence identity) spanning at least 80% of the query sequence were added to the mlTRs set; the remainder form the final set of slTRs. The TRDB IDs of both sets are available in Supplementary File 1, and BED files suitable for use as custom tracks in the UCSC Genome Browser are available in Supplementary File 2.
RepeatMasker analysis
RepeatMasker was used to mask the repetitive elements from the ALL TRs set.
Alignments were performed with WU-BLAST against version 12.03 of RepBase, using default parameters. Tandem repeats were considered significantly masked and thus placed into the repTR set when 80% or more of their consensus sequence was masked by RepeatMasker; all other remaining tandem repeats form the notRepTR set. TRDB IDs and BED files are also available for these sets in Supplementary Files 1 and 2.
Human genes and DNA samples analyzed in this study
Genes were imported into the project database from version 42.36d of the Ensembl Homo sapiens database (August 2006 genebuild) (Curwen et al. 2004) . Several subsets of genes were hand-selected after an extensive literature review (i.e. imprinted genes, tumor suppressor genes and genes related to trinucleotide-repeat expansion diseases); these are available in Supplemental File 3.
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Lymphoblastoid cell line DNA samples from individuals selected to represent ethnic diversity were obtained from the Coriell Institute including: NA14935, NA14547, NA14772, NA14439, NA14529, NA04390, NA09820, NA03715, NA14537, NA14819, NA00726, NA00946, NA00037, NA03469.
Analyses of recombination hotspots
The set of recombination hotspots was exported from the snpRecombHotspotHapmap hotspots, we first partitioned the genome into a series of adjacent inter-hotspot regions delimited by consecutive recombination hotspots' midpoints. At the ends of chromosomes and next to centromeres, where no two consecutive hotspots are available, the nearest start or stop coordinates of the chromosome and centromere were used instead, respectively (centromere coordinates were exported from the gaps table in the UCSC Genome Browser hg18 database).
Tandem repeats were then localized to an inter-hotspot region by their midpoints, and the distance from each tandem repeat's midpoint to its region's start coordinate was recorded. This distance was then normalized to fall between 0 and 1, with the start of the inter-hotspot region represented by 0, and the end by 1. This distribution of normalized distances was then plotted with the understanding that a distributional bias of tandem repeats relative to recombination hotspots would be evinced by a curve, as was observed with microsatellites, though not with mlTRs, slTRs or the candidate tandem repeats for array length polymorphism (ALL TRs with copy numbers ≥ 5 and match percentages ≥ 95%).
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To verify random distribution of tandem repeats relative to recombination hotspots, we performed a randomization experiment. For each tandem repeat, the number of recombination hotspots falling at least partially within a window formed by extending the tandem repeat's coordinates 100 kb in both directions were counted, defining a reference distribution for that set. One thousand tandem repeats were then sampled randomly from the applicable set and placed at random across the genome. The number of recombination hotspots within each randomly placed tandem's window was then counted, defining a new distribution, which was compared to the reference distribution using a chi-square test. After repeating this process 100 times, no randomly positioned set of tandem repeats was found to have a significantly different distribution from its reference, corroborating the initial result. "1" on the y-axis corresponds to the greatest number of tandem repeats with any given copy number in that class. 
